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Abstract 


This poper discusses o commercial approach to the 
design and Fabrication of an economical space power 
system. With the advent of the space shuttle, steps can 
be taken to bock away from the presently used space 
qualified approach In order to reduce cost of spoce hard- 
ware by incorporating, where possible, commercial 
design, fabrication, and quality assurance methods. Cost 
reductions are projected through the conceptual design of 
a 2kW space power system built with the capability for 
having serviceability, jhe approoch to system costing 
that has been used takes into account both the 
constraints of operation in space ond commerciol produc- 
tion engineering approaches. The cost of this power 
system reflects o variety of cost/benefit tradeoffs thot 
would reduce system cost os o function of system reliab- 
ility requirements, complexity, and the impact of rigid 
specifications. A breakdown of the system design, doc- 
umentation, fabrication and reliability and quality ossur- 
ance cost estimates ore detailed. 

Introduction 

The high cost of future space programs, especially 
power systems, projected for the mid-19K)’s and beyond, 
has been on ongoing concern to NASA planners. The 
application of present conventiorVal space qualified 
approaches may limit the size and number of spacecraft 
that are possible with anticipated budgets. Historically, 
spacecraft energy costs have ranged from about $300 to 
as much as $2000 per kW-hr, with an average of about 
$800 per kW-hr for long duration missions* ' This is 
primarily due to the high levels of technology and quality 
imposed to sotisfy mission requirements which ore largely 
mondated by the inability to effect any kind of inflight 
repairs or modifications. With the advent of the spoce 
shuttle Ft may become possible to back away from such 
prior high level technical and quality criteria due to the 
possibility of servicing. In addition, os demand grows 
for larger space power systems a transition towards stand- 
ardizotiori, mass-production and modularization of sub- 
system components will accelerate. With the inception 
of orbital repairs or replacements, the cost of many areas 
of system development con become substantially reduced.^ 

The introduction of a commercial approach implies 
several changes in managing resources and in differen- 
tiating between commercial practices and specification 
for space quaility. Perhaps thie one major factor that 
would differentiate a space qualified from a commercial 
approach is that the traditional space approach could be 
viewed os the marketing of a technology whereas a 
commercial organization is more attuned to marketing o 
product at competitive prices, having high quolity, ond 
in large volume. From an economic viewpoint, reducing 
product cost enables a greater proportion of the buyer 


population to obtain the product. Such factors as economy 
of scale, market diversification, economy of size, auto- 
mation, standardization and continuous purchasing and 
production are all fundamental processes that ore consi- 
dered important in achieving the low cost per watt 
figure that will prove competitive for future opplications. 

It is Important When considering the development of 
a commercial power system , to recognize that the first 
: level of cost reduction will probably be realized in 
reduced systems specification. Consideration must be 
given to insuring that the power system is not over- 
designed. Whether space qualified or commercial in 
approach, the power system must function for a given 
life cycle. In both approochas similar design effort Is 
employed, with the exception that a commercial product 
may run a greater risk of mol function. To mitigate this, 
the application of warranties ond other measures such os 
service contracts have evolved. Many high technology 
commercial products exist becouse the products are 
designed to be maintained and con be serviced. The 
traditional space approach requires high reliability for 
long duration spacecraft missions since servicing in 
orbit at present Is impossible. For this reason much of 
the effort in developing space qualified hardware has 
been geared to designing systems which perform without 
failure for long periods of time. Therefore, to achieve 
this goal, high reliability design, redundancy, and 
Stringent quality assurance at all levels of design, fab- 
rication and system integration have been the rule. 
However, this would not be the case in commerciol 
power systems because they have the capability of being 
serviced. 

Scope of Study 

The scope of this study includes on estimate of the 
impact on system cost, by relaxing mission constraints 
through the concept of repairability and allowing the 
system to be influenced by the use of terrestrial photo- 
voltaics, avionic batteries, and other commercial equip- 
ment, The system and approoches described herein were 
based on the following system specifications generated 
for study purposes of future cost comparison. 

System Description 

Characteristics of the specified space power system 
which were to be used for this study include: 


Launch and orbital characteristics; 
• Shuttle launch 
e Low earth orbit 
e Circular - 200NM 
e inclination - 28.5 incl. 
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• Orbital period - 93 minutes 

e Time in sun - 57 minutes minimum 
e Time in eclipse - 36 minutes maximum 

System electrical cbarocteristics: 

• Power source - deployable/retractable solar 
array 

• Power level - beginning of life (BOL) 2kW 
elec, continuous to load 

e Distribution voltage - 28VDC unregulated 
e Energy storage - batteries 
e Battery - depth of discharge (DOD) 25% 
e Elect. Mech. system - (1) 2 axis solar array 

drive 

(2) slip rings 

System design life - 4 years 

Conceptual Design 

Based on these System requirements, a conceptual 
design was derived. Figure 1 depicts a diagram of the 
major functional blocks of the power system. Since some 
subsystems or components are unique to space, the system 


into the costing factors of a commercial power system. 

For example, sizing of the arrays was based on o ter- 
restrial photovoltaic cell having a 5cm x 5cm dimension. 
The rationale for using such a cell size is largely 
economic in terms of cost/watt in that by increasing 
cell size the number of fabrication operations is reduced, 
o greater amount ofthe original silicon wafer is utilized 
and 0 higher packing density con be ochieved in the 
orray. The system features depicted in figure 1 (i.e., 
solar array block), are based on o sizing of the array 
given worst case thermal conditions, effects of radiation 
degradation and orbital configurotion. This sizing sug- 
gested an approximate 9% oversize of the array to 
compensate for thermal cycling and radiation damage 
over the four year mission life. The fobrication of these 
arrays would employ an approach similar to what is 
presently employed in the development of terrestrial 
concentrotor photovoltaic receivers at Solorex, i.e., 
glassing of cells and cell to substrate attachment are 
analogous to space ponel fabrications. 

Slip ring and deployment assemblies appear to be two 
technologies less amenoble to significant cost reduction 
because of their lock of hoving a non-space counterpart 
that appear acceptable. To reduce cost here we plan 



Fig. 1 Conceptual block diagram and description of a propdsed commercial space power system. 


employs a mixture of commercial and space qualified 
hardware in several instances. The central aim behind 
the approach to the design was to offer some Insight 


to reduce specifications, quality assurance and documen- 
tation Cost by using or modifying an already proven 
design. In turn, some odditional cost reduction is pos- 
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sible by reducing the spac* qualified standards in tome 
areas in fhe developmenf of ’Kese Niro systems. 

Severol approaches to power regulotion, including 
array detracking and panel disconnection (which ore 
sometimes used in terrestrial photovoltaic system appli- 
cations) were considered. However, the approach 
adopted for this study was to use o buck-boost pulse 
width modulated switching regulator which was felt more 
amenable to control by a microprocessor charge control- 
ler. This concept was also adopted because of its 
potential advantage in reducing the problem of satellite 
temperature buildup. 

Batteries for this system will consist of two parallel 
25 cell strings of 50AHr Ni Cd aircraft cells, usirrg a 
25% depth of discharge charge - dischorge scheme. 
Problems associated with aircraft batteries must be ad- 
dressed. Based on discussions and consultations with 
cognizant technical personnel it appears that avionic 
batteries may be useable if precautions ore token to 
minimize outgossing. ^ 

Subsystem Evoluation ond Cost Anolysis 

The study was broken into four mojor areas of interest 
f'Ofn which an economic analysis wos performed using the 
methods and practices that would be used by Solorex 
Corporation if a production engineering approach were 
followed to generate space power systems. In this costing 
exercise many factors associoted with system reliability 
ore necessarily traded against cost. The first major factor 
which impacts system cost is the effect of rigid specifico- 
tion or specifying requirements that generate increased 
manpower and materials costs. 

Solor Array Subsystem. In mony respects the solar cell 
and panel design effort is no less rigorous than what 
would be anticipated in approaching the problem from 
the traditional space qualified approach. The Salorex 
design of terrestrial solar cells requires the same high 
level of understanding the physical properties of the 
device, methods of processing and sophisticated metal- 
izatlon, and other techniques characteristic in the semi- 
conductor industries os for conventiorsal space qualified 
solar cells. The particular cell design used for this 
system is a square 5cm x 5cm cell, using state-of-the- 
art terrestrial fabrication methods. We consider a 
superior design feature the use of the large cell size, 
multiple contact pads, and a redundant path grid pat- 
tern to minimize the effect of mechanical damage. 
Selection of o large cell is on important economic 
tradeoff. The Imposition of the larger size reduces the 
number of labor intensive tasks thot must be performed 
during subsequent testing, handling, storage and panel 
fabrication. Additionally, in the solder joint formation 
and cell to panel attochment process both time and 
manpower reductions are realized by designing the 
solar array with a larger cell size. Secondory to this 
is the economic impact of the larger cell producing a 
greater potential for higher packing density. This in- 
vokes another important tradeoff; the improvement of 
packing density allows utilization of a lower cell per- 
formance level for the some power output per unit 
area, and thus, a larger proportion of the cells proces- 
sed can pass a given performance inspection criteria. 

By employing this approach the added cost burden 




associated with high reject rates is minimized. We 
think also in the design of this panel, cost improvements 
con be ougmented by minimizing specification stondords. 
One example of this would be to relax the inter-cell 
spacing specification. 

The omount of documentation required in design and 
fabrication should olso be minimized. At Solorex, in 
the design phase, much of 'he design and development 
effort would be conducted through the auspices of a 
technicol manager and a small set of highly trained 
technicions. Oocumentotion is usually not formolized 
until processing techniques are completely optimized. 

At this point specificotion of materials, process steps 
and special features in the process are generated. 

These documents, in Solarex's experience, do not resort 
to lengthy detailing of operational definitions of process 
steps. Generally, only major process steps and explana- 
tions involved in the cell ond panel fobrication effort 
are documented. 

No speciol cell fabrication technology would be 
implemented and standard production approaches would 
be assumed. In the production of a Solorex commercial 
5cm x 5cm cell 11 rrxsjor process/O.A. steps ore used. 
These are: 

1. Incoming silicon and moteriols Q.A. 

2. Etch - Q.A. function is associoted with silicon 
thickness. 

3. Diffusion - Q. A. function is on o somple 
basis to determine quality of the junction 
formotion. 

4. Aluminum bock field formation - Visuol Q.A. 
for conformity to visual criteria for coloration 
and texture with occasional samples for elec- 
tricol resistivity. 

5. Back surface metolization - sample pull tests of 
metalization 

6. Photolithography - Q.A. is visual culling of 
improper photolithographic pottem formation, 
sampling of cells for microscopic Inspection. 

7. Front surfoce metalization - sample microscopic, 
pull test, other visual inspection. 

8. Silver plating - plating bath inspection and 
plating thickness inspection. 

9. Anti-reflective coating - Visual inspection of 
cells for conformity with o color stondord. 

10. Edge preparation - Visuol inspection. 

11. Final Q.A. - Illumination testing ond sorting 
by categories and tab pull testing on sample 
basis . 

Array fabricotion would be undertoken at Solorex by 
the panel development specialty line. The use of the 
panel development line is appropriate because the total 
number of panels (N=144) is relatively low ond thereby 
deviates significantly from stondord production to war- 
ront utilization of a smaller scole ossembly facility. 

With a production scenario of lorge volume the required 
tooling and equipment would be obtained to scale up the 
fabrication process. Six major process and Q.A. steps 
are identified for panel assembly: 

1 . Coversliding - Visual and microscopic inspect- 
ion on sample basis. 

2. Cell tabbing - Visual inspection of solder 
joints. 

3. Cell string attachment to substrate - Visual 
inspection of inrercell gaps, interconnects, and 


3 




adhativ*. 

4. Pumpdown - Ou^goising fh« cell-jubstr«r« 
adhesive Inrerface, no Q.A. 

Solor orroy cotfifig. The following Toble 1 is o 
breakdown of monpowe’’ ond cost for the solor orroy 
subsystem by task oreo; 

Table r 

Solar Array Manpower and Cost Estimation 
Solor Cells ,, Ponels 



Monhours 

^st 

Monhours 

Cost 

Design 

292 

53(» 

595 

12100 

Documentation 

132 

3020 

165 

4300 

Fabrication 

2264 

103869 

450 

101900 

R&QA 

412 

13900 

390 

4500 


The cost reflected in this and oil subsequent tables 
reflect a mix of skill levels and overhead, 

* * 

Cost in dollars 

• • * 

Firwl cost for 13820 cells to specificotlon i 12% AMO 

Power Regulotion And Bottery Charge Control . In selec- 
ting a power regulotion opproocli a variety of methods 
was considered. Such ideas os panel switching, array 
detracking ond other approaches were considered for 
their potential in simplifying the system. However, these 
design concepts dir< not prove omenoble to space 
requirements, even though they ore often used in some 
terrestrial power systems. It was decided that from an 
overoll performance veiwpoint the application of a buck- 
boost pulse width modulated 
a superior design opprooch. 

Unlike solar cell production, the design and devel- 
opment of the power processing subsystem employs a 
somev'hot different philosophy. Here Solorex's costing 
method was based on evaluation of task descriptions 
generated by consulting hardware design engineers. 

For both the power regulator and charge controller, the 
design, testing and Q.A. casts ossociated with generat- 
ing the first prototype systems for outweigh the direct 
assembly labor and hordwore costs. The choice of using 
the buck-boost power regulotor wos considered best 
because the components of such systems are typically 
characterized by high reliability (some off the shelf 
commerciol versions ore roted with MTBF 30k houn ond 
more) and ore very amenable to digital control. 

In evaluating the design approach to battery charge 
control the assumption was to ovoid developing any 
custom circuits. Moreover, it was viewed that using 
a microprocessor based controller having a multiplexed 
A/D converter to measure battery temperature ond volt- 
age through the charge-discharge cycle and determine 
discharge and reconditioning when bottery performance 
begins to diminish below a given set point was deemed 
an efficient design approach. Firmware for such appli- 
cations can be commercially obtained at relatively low 
cost. Such systems hove hod wide application through- 
out industry having been proven many times over. 

The power regulotor and battery charge control 
systems are viewed as having a somewhat larger depen- 


p^^er regulator would be 








dence on documentation than that associated with the 
other systems, largely berouse of the complexity and 
detailing of PC boards, wiring diagrams und component 
listing and materials requirements. It is envisioned that 
a commercial fabricator of these two subsystems would 
produce these items. 

As a buyer of a commercially fabricated subsystem the 
approoch to fabrication and Q.A. would be identified 
ond specified by Solarex Corporation, The vendor would 
be required to demonstrate compliance to scheduling by 
supplying either Gontt or PERT charts on the procedures 
they would use to fabricate the systems. A full accoun- 
ting of subsystem performance, certificates of compliance 
for both environmental tests, ond system operation would 
be mondotory. Table 2 gives a breakdown of cost for 
these two systems 


Table 2 

Power Regulator and Charge Controller 
Manpower and Cost Breakdown 

Power Regulator Charge Controller 



Manhours 

Cost 

Monhou 

rs Cost 

Design 

744 

12700 

2277 

46200* 

Documentotion 

610 

9800 

329 

7800 

Fobricotion 

— 

3500*" 

— 

6000 

R&QA 

360 

13500 

1120 

24100 

* 

Design Items 

reflect the 

monpower and re 

Tlobillty ana 


sis effort associated with fabricating limited number 
of copies, plus software development and special testing. 

* • 

Fobrication cost reflect estimated component hordwore 
and specialty item (i.e., PC boord layout, etc) 

Batteries. The design efforts associated with development 
of o bottery system ore lorgely tied to the generation of 
the test ond Q.A. specifications. Solorex proposes *o 
examine the data effectiveness of the vendor of the cells, 
determine the charging characteristics, and define the 
canis.er enclosure, sensor plocements, type of intercell 
connectors, electrolyte levels, in addition to the design 
and documentation of the testing procedure of the cells 
procured from o vendor. 

In this opprooch the substantial cost savings obtoined 
by using oircroft Ni Cd cells commonly used in starting 
jet turbines appear to be well within the performance 
standards needed for this system. Much of the design 
issues of cell contoinment for the low pressure environ- 
ment and deriving a chorge methodology that would mini- 
mize the outgassing and pressure buildup within the cells 
would hove to be evaluated. At this time it aooears 
feasible to use avionic batteries because the constroints 
imposed by the space environment con be remedied. 

An opprooch to producing a bottery system ready for 
application at o reduced cost would employ reducing the 
requirements previously associoted with testing ond per- 
formance appraisal of a set of cells obtained from a 
battery vendor. After the lot (N=100) is obtoined the 
cells would be submitted to on abbreviated acceptance 
testing and matching program. Briefly, these cells would 
be charged to approximately 95% nomeplate copocity, 
temperature soaked (i.e., for o duration long enough to 
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inawr* tHorawgh fampcfoturc ifobtlisation ) at tba men-’ 
iinum pradlctod rwnpoiprura !n«id* tb« ipac«ctaft and 
dischorgcd at a owa-Kowr iota and centintioutly moni* 
tofod for voliag# and polari^y doviotiont. A minimum 
ollowobU cut off voltaga for ooch cofl, tompatoturo, 
and diichorgo tot# will bo otioblidtod a« tbo accoptonco 
critorio. Following tbit, tbo nmo procodura would ba 
roplicotod for tbo lowott prodictod tompototura tb# collt 
would bo oponiting in.^ Fram tboto data tbo romoining 
nmpla of calls ora tbon motcbod and flttod with high 
p'OMura roliaf cops, and intortod into a rigid itainloti 
stool conistor. Subtoquontly, tboM battsKiot would bo 
si/famitrad to vibration ond vacuum tosting to vorify 
porfoimonco and complionco. Toblo 3 givos o brook- 
down of tbo ostimotod monpowor and cost of this sub- 
systom. 


ORIGINAL PAGE !S 
OF POOR Q'JAUT> 

TobU 4 

Mocbonicol Swosystom Manpowar 
Aftd Cost Broofcdown 

Slip Ring Oopioymont 


ik Drive Assembly 

Siibsystem Assembly 

Manhours Cost 

Mannours Cost 


Design 

630 

16000 

728 

21000 

Documentation 

180 

2500 

270 

3300 

Fabrication 

— 

14000 

— 

45000* 

R&QA 

— 

8fX»* 

— 

10000* 

• 

Cost estimates 

may vary 

widely. 

vendors 

contacted 


not givo utoful input to dariva occurota voluas. 


Toble 3 

Battery Subsystem Msnpower 

and Cost 


Breakdown 

Motsbours 

Cost 

Design 

720 

15300 

Documentation 

280 

8600 

Fabrication 

— 

10000* 

R&QA 

668 

12300* 


Cost of 100 avionic Ni Cd collt. 


Roflocts cost of dovolopmont of occoptonca tostt 
and contoinmont systom. 

Doploymont And Slip Ring Assombly. In considoring 
tboM two ostombliot it bos boon found tbot comporabU 
commorciol systoms ora virtually nonoMistont, Tboroforo, 
on oorotpoca vondor with provon oxporionco in fabrica- 
ting tboto systoms would nocotrarily bo omployod. 
Initially tbo doploymont systom would bo bosod on o 
Lazy Tong - Coilod boom configuration, lorgoly bocouto 
it it o doplo)miont approach tbot bos hod provon uso . * 
In tbo COSO of slip rirsg*, a fovorod oppraocb would bo 
to limit tbo dotign offort of tbo systom tucb tbot tbo 
slip rings oro idonticol in ooch axis and oro fabricatod 
from coppor stock with gold ploto. ^ Tbit would bo lost 
ovpontivo tbon usirsg puro tilvor, gold or olbor oxotic 
compositos. Such o motoriolt soloction orsd onginoorirsg 
approach would provo occoptoblo cboicos givon limitod 
rotational spood, ovon though lubricants would bo utod. 
Array axis drivos would employ torquo motors with goor 
reduction, with tbo facility For quick disconnect of tbo 
motors for inflight repairs. Similarly, tbo slip ring 
housing could hove focoplotot through which repairs 
could alto bo effected in tbo event of vacuum welding 
or orcing of the brushes ond tbo rings. 

Since the majority of the cost of tbo slip rirsg 
assembly and doploymont systems ore reflected in life 
testing, design qsecification and reliability analysis, 
the approach in design and development and fabrica- 
tion ssrould be to duplicate or modi fy on already proven 
configuration. Cost orsd monpower breokdosrat shying 
the estimated cost of these boo subsystems is given in 
Table 4. 


System Integration Arsd Qualificotion Testing . The over- 
oll approach to system integration is to conduct bench 
testing on the system after a detailed system inspection 
and configuration checkout durirsg the process of ossemb- 
lirsgoll the subsystem ports. This process would require 
either purchase or rental of needed equiptttent in order 
to test ortd qualify oil assembly of the subsystem ports. 
After this phose of the system assembly 'he components, 
incistdirtg connectors, wiring harnesses, and PC board 
brackets, ore assembled ond performance *'ests conducted 
to determirse whether or not the system is fully operat- 
ional. With oppropriote testing meoy. /.s, the system 
would be prepared for o full system qualification check- 
out in a large simulation chamber. Because the system 
manufacturer is a commercial venture, a large aerospace 
firm would hove to be contracted to conduct the opprop- 
ricte full system test* under simulated environmental 
conditions. Such testirsg could economically be grouped 
Into one test setting in order to minimize the overall 
cost of final qualification testing. 

A cost breakdown of final integration and qualifica- 
tion testirtg indicates that the final testirtg would contri- 
bute the ma|erity of the expense associated with the 
system checkout cost. Table 5 depicts manpower cost 
estimates ond vendor cost estimates. 


Table 5 

System Integration And Ouolification Testing 


Tods Areo 

Oocumentotion of testing 
regime for bench testirtg 
end system qualification 
testing, documentation of 
test procedures 

Test equipment purchases 
end rentals estimate 


Cost 


2000 


20000 and above 


System integration 

inspection 5000 

System integration 

operation test 2000 

Vendor supplied 

quoliflcotion testing 90000 
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Discuuion And Conclusion 


This popor hos trocod o sot of tdoos, opproochos and 
cost considorotions oxamining tho dovolopmont from 
design to production of o space power system which 
could potentiolly be produced by o commerciol approach. 
The major overridirtg emphasis presented here has been 
one of deriving a space power system in which the 
burden of stringent troditlortol space qualification has 
been relinquished. Throughout the entire subsystem 
cost estimoting proceu the approach has been one that 
assumes Its development would be predicated on the 
basis of servicobility throughout the extent of its mis- 
sion, rind that it conforms to o leu rigorous set of speci- 
fication criteria than would be experienced in the trad- 
itional spoce opprooch. This system, while expected 
to achieve o high level of system availability, does 
not ossumt' o c mpocable reiiobillty figure as one would 
expect from o traditional space power system. 

Ip Table 0*0 'inollzed cost breakout is presented 
comparing an equivalent traditional space quolified 
system with the commerciol power system. As shown, 
o relatively uniform diminution in cost ocrou oil the 
major subsystems evaluated is indicated. While the 
unforseen risks implicit in engaging in such a venture 
are legion, the potential for savings to future space 
miuions cost is substontiol enough to warrant o further 
study and pouible implementation of such on approach. 

On the basis of thisonolysis it is estimated that o 
reduction of about 74% in cost from a comparable space 
qstolified system is indicated. 


5. Detcrolnet Ion besed, In part, on phone In- 
terviews with engineers at Polysclentif Ic 
Corporation and Ball Brothers Corporation. 

6. Teren, Fred; An Economical Approach to 
Space Power Systems. Future Orbital Power 
Systems Technology RequIreriMnts. NASA CP- 
2058, 1978, pp. 265-269. 
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Table 6 

Finolized Cost Breakdown 


Cofegory 

Space Qualified^ 

Commercial 

Solar Array 

SI,500K 

S249K 

Botteries 

I80K 

46K 

Power Processing 

360K 

124K 

Mechanical Systemi 

1 225K 

120K 

System Integration 
& Qualification 

400K 

109K 


2,665K 

648K 
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